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Hand2 Regulates Epithelial Formation
during Myocardial Differentiation
gene expression has been well characterized, the cellu-
lar basis of myocardial differentiation is not well un-
derstood. Recently, we demonstrated that myocardial
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Programs in Developmental Biology, Genetics, precursors undergo epithelial maturation during their
migration to the midline in zebrafish [1]. Myocardial dif-and Human Genetics
University of California, San Francisco ferentiation appears to be critical for migration because
mutantswith defectivemyocardial differentiation exhibitSan Francisco, California 94143
2Developmental Genetics Program migration defects [2, 3]. Furthermore, the maturation of
the myocardial epithelium coincides with the onset ofDepartment of Cell Biology
Skirball Institute of Biomolecular Medicine myocardium-specific gene expression [1, 5]. Therefore,
we asked whether the molecules that regulate myocar-New York University School of Medicine
New York, New York 10016 dial differentiation also control epithelial formation of
the myocardial precursors.
A number of transcription-factor genes expressed in
overlapping patterns in the ALPM appear to be impor-Summary
tant for the differentiation of this tissue [4, 6]. These
genes include the basic helix-loop-helix (bHLH) familyMyocardial differentiation is initiated by the activation
of terminal-differentiation gene expression within a member hand2 (also known as dHand), which is ex-
pressedbroadly within the lateral platemesoderm (LPM)subset of cells in the anterior lateral plate mesoderm.
We have previously shown that shortly after this acti- in zebrafish [3, 7]. Loss-of-function analyses indicate
that hand2 plays a vital role in cardiac development [3,vation, myocardial cells undergo epithelial maturation
[1], suggesting that myocardial differentiation encom- 8]. Analyses of the zebrafish locus hands off, which
encodes Hand2, reveal an early role for the function ofpasses both molecular and cellular changes. To ad-
dress the question of how the molecular programs hand2 in the morphogenesis and differentiation of the
ALPM [3]. Specifically, hand2 mutants display a severedriving myocardial gene expression and the formation
of the myocardial epithelium are integrated, we ana- reduction in the number of cells that express myocar-
dium-specific genes, and they also exhibit defects inlyzed the role of two essential myocardial terminal-
differentiation factors,Hand2 andGata5, inmyocardial ALPM morphogenesis (Figure 1B) [3]. Molecular evi-
dence indicates a significant block in the progressionepithelia formation. hand2 and gata5 mutants exhibit
a much-reduced number of myocardial cells and de- of myocardial differentiation in hand2 mutants; nkx2.5
expression is initiated, but few nkx2.5-expressing cellsfects in myocardial gene expression [2, 3]. We find
that the few myocardial precursors that are present go on to express myocardium-specific genes such as
cmlc2 [3].in hand2mutants do not polarize. In contrast, embryos
with reducedGata5 function exhibit polarizedmyocar- Inmouse, Hand2 appears to play later roles inmyocar-
dial differentiation;Hand2 null mice lack a right ventricledial epithelia despite a similar reduction in myocardial
precursor number, indicating that proper cell number and die between the embryonic days 9.5 and 10.5 [8].
Expression analysis in mouse is consistent with thisis not required for epithelial formation. Taken together,
these results indicate that Hand2 is uniquely required loss-of-function phenotype because Hand2 expression
is restricted to the right ventricle after the linear heartfor myocardial polarization, a previously unappreci-
ated role for this critical transcription factor. Further- tube forms [9]. Before ventricular restriction occurs,
more, these results demonstrate that two independent hand2 is expressed more broadly in the cardiac cres-
processes, the polarization of myocardial precursors cent. Coexpression of a secondHand gene,Hand1 (also
and the allocation of proper cell number, contribute known as eHand), in the cardiac crescent in mouse and
to myocardial development. chick has been suggested to provide redundant function
during early heart formation [9], a hypothesis supported
Results and Discussion by recent genetic evidence [10]. Despite this essential
role in cardiac development, little is known as to how
Hand2 Regulates the Formation Hand2 regulates the morphogenesis and differentiation
of the Myocardial Epithelia of the myocardial precursors.
One of the earliest steps in heart development is the In addition to its role in cardiac development, Hand2
activationofmyocardial gene expressionwithin a subset is involved in the development of the branchial arches,
of cells in the anterior lateral plate mesoderm (ALPM). limb, and vasculature [11–15]. Due to its essential role
Myocardial differentiation is regulated by a number of in the development of a number of tissues, there has
transcription-factor genes, including nkx2.5 and gata4/ been much interest in understanding the molecular
5/6, which contribute to the activationof genes encoding mechanism(s) by which Hand2 functions. Many studies
components of the cardiac contractile machinery [4]. have focused on the mechanisms bywhich Hand2 regu-
Although the transcriptional regulation of myocardial lates transcription [16–19]. Here, we sought to under-
stand the cellular requirements for Hand2 function dur-
ing myocardial differentiation.*Correspondence: didier_stainier@biochem.ucsf.edu
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Figure 1. Hand2 Regulates the Formation of the Myocardial Epithelia
Wild-type (A, C, and E) and hand2 (B, D, and F) mutants at the 20-somite stage. (A) and (B) show cmlc2 expression; dorsal views, anterior is
to the top.
(A) In wild-type embryos, the myocardial precursors have fused to form the cardiac cone.
(B) In hand2 mutants, the myocardial precursors are reduced in number and fail to migrate to the midline and fuse.
(C–F) Transverse confocal images of cmlc2::GFP (false colored blue) transgenic embryos immunostained with antibodies against -catenin
(red) and aPKCs (green) (C and D) or against ZO-1 (green) and filamentous actin (rhodamine-phalloidin) (E and F); dorsal is to the top. (C and
E) In wild-type embryos, the myocardial precursors form clear epithelia: Within the myocardial precursors, aPKCs are restricted to the
apicolateral membranes, whereas ZO-1 is localized basally along the lateral membranes. Additionally, -catenin and actin are enriched at the
basolateral membranes. (D and F) In hand2 mutants, the myocardial precursors do not localize junctional proteins asymmetrically. aPKC
staining is absent from the myocardial precursors, and ZO-1 is localized cortically in some myocardial precursors. -catenin and filamentous
actin fail to restrict to the basolateral membranes and instead remain cortical in their localization.
To assess the myocardial epithelia in hand2mutants, entire cortex of myocardial cells and thus fails to restrict
asymmetrically as in wild-type embryos (Figure 1D, red).we used a transgenic line that expresses green fluores-
cent protein (GFP) under the control of the cmlc2 regula- To further assess the polarity of the myocardial pre-
cursors in hand2mutants, we examined the localizationtory elements to mark the myocardial precursors [20]. In
conjunctionwith this transgenic line, we used antibodies of actin and the junctional protein zonula occludens-1
(ZO-1). Both molecules exhibit asymmetric localizationagainst junctional proteins to assess epithelial forma-
tion. In wild-type embryos, themyocardial epithelia con- in the myocardial precursors [1]: ZO-1 is localized bas-
ally along the lateral membranes (Figure 1E, green), andsist of two rows of cells with their apical surfaces facing
each other (Figure 1C) [1]. At the 20-somite stage, an actin is enriched along the basolateral membranes (Fig-
ure1E, red). Inhand2mutants, ZO-1 ismislocalized (Figureantibody that recognizes both atypical protein kinase C
 and  (aPKCs) stains the apical domain of the lateral 1F, green). Some myocardial precursors show cortical
ZO-1 localization (Figure 1F, arrow), whereas othersmembranes (Figure 1C, green) [1]. The basolateral mem-
branes are marked by the asymmetric localization of show either an absence or a punctate localization of
ZO-1. Additionally, actin fails to restrict to the basolateral-catenin (Figure 1C, red) [1]. In addition to its asymmet-
ric localization in the myocardial precursor, -catenin membranes but remains cortical in its localization in hand2
mutant myocardial precursors (Figure 1F, red). The lackalso localizes to the cortex of all cells in the zebrafish
embryo and thus labels cell boundaries [21]. In hand2 of basolateral restriction of -catenin and actin, the ab-
sence of aPKCs, and the mislocalization of ZO-1 indicatemutants, the fewmyocardial precursors that are present
cluster together and do not form an epithelium as they that Hand2 is essential for myocardial epithelia formation.
Taken together, these results suggest that myocardialdo in wild-type embryos (Figure 1D, blue). aPKC staining
is absent from the myocardial cells in hand2 mutants precursors in hand2 mutants lack apico-basal polarity.
The absence of myocardial epithelia formation in(Figure 1D, green). Additionally, -catenin localizes to the
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Figure 2. Defective Fibronectin Deposition in hand2 Mutants
(A and B) transverse sections of cmlc2::GFP (false colored blue) transgenic embryos immunostained for -catenin (red) and for Fibronectin
(green) in wild-type (A and A) and hand2 (B and B) mutant embryos at the 20-somite stage; dorsal is to the top. (A) and (B) show magnified
views of the lower right corners of (A) and (B), respectively. In wild-type embryos (A and A), Fibronectin is deposited around the basal surface
of the myocardial epithelia (blue) and at the midline between the endoderm and endocardial precursors (arrow). (B and B) In hand2 mutants,
Fibronectin deposition is disorganized and no longer restricted to the basal surface of the myocardial precursors.
hand2mutants appears to be specific to the myocardial tin, indicate that the basal deposition of Fibronectin is
required for maintaining the epithelial organization ofprecursors; the localization of junctional proteins (aPKCs
the myocardial precursors [1]. The absence of apico-and ZO-1) to the hindbrain ventricular surface appears
basal identity within the myocardial precursors of hand2unaffected (Figures 1D and 1F). Additionally, hand2mu-
mutants prompted us to assess the requirement oftants do not appear to exhibit defects in other epithelial
Hand2 for the deposition of Fibronectin. In wild-typetissues within the embryo (data not shown). hand2 is
embryos, Fibronectin is deposited around the basal sur-expressedbroadlywithin the LPM [3, 7], yet theposterior
face of the myocardial epithelia (Figures 2A and 2A,LPM does not exhibit polarity defects (S. Horne-Badovi-
blue) and at the midline between the endoderm andnac and D.Y.R.S., unpublished data). Furthermore, sev-
endocardial precursors (Figure 2A, arrow). In hand2mu-eral lines of evidence indicate that the lack of aPKCs in
tants, Fibronectin deposition is disorganized and nothe myocardial precursors of hand2 mutants is not due
longer restricted to a single surface of the myocardialto Hand2 directly regulating the expression of aPKCs.
precursors (Figures 2B and 2B). This result is consistentFirst, expression analyses indicate that the expression
with our findings that junctional proteins do not exhibitof aPKC is not reduced in hand2 mutants (data not
asymmetric localization in the myocardial precursorsshown). Second, overexpression of aPKC in hand2mu-
of hand2 mutants and further demonstrates that thetants cannot rescue adherens junction formation (data
myocardial precursors lack apico-basal polarity.not shown). Third, the absence of aPKCs in the myocar-
The presence of Fibronectin deposition around somedial precursors of hand2mutants is not due to an overall
myocardial precursors in hand2 mutants indicates thatlack of adherens junction formation in the embryo be-
the myocardial precursors have the ability to assemblecause aPKCs localization in the hindbrain ventricular
Fibronectin. However, it is the assembly of Fibronectinsurface is unaffected (Figures 1D and 1F). Taken to-
to a single surface of the myocardial precursors thatgether, these data suggest that the polarity defects in
appears to be disrupted in hand2 mutants. This pheno-hand2 mutants are specific to the myocardial precur-
type is clearly distinct from that seen in nat mutants,sors. On a cellular level, our results indicate that Hand2
which completely lack Fibronectin. In the complete ab-
is essential for the progression of themyocardial precur-
sence of Fibronectin, adherens junctions formation is
sors to a polarized state. defective; however, -catenin localization appears rela-
tively unaffected along the basolateral membrane [1],
Defective Fibronectin Deposition suggesting that loss of cell-substratum adhesion does
in hand2 Mutants not lead to the complete loss of epithelial polarity. In
We have previously reported that Fibronectin is depos- contrast, the myocardial precursors in hand2 mutants
ited on the basal surface of the myocardial epithelia [1]. lack junctional proteins and a basal substratum and
Cell-substratum interactions have been implicated in therefore appear to be completely devoid of epithelial
establishing the polarity axis in epithelial cells [22, 23]. identity. These results indicate that the role of Hand2
In the developing myocardial epithelia, analyses of mu- for myocardial epithelia formation is independent of the
requirement for Fibronectin in epithelial maintenance.tants for the natter (nat) gene, which encodes Fibronec-
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Figure 3. Myocardial Epithelia Organization in Embryos with Reduced Gata5 Function
Wild-type (A, D, F, and H), gata5 mutants (fau) (B), and gata5MO-injected (C, E, F, H, I, K, and L) embryos at the 20-somite stage.
(A–C) cmlc2 expression; dorsal views, anterior is to the top. (A) In wild-type embryos, the myocardial precursors have fused to form the
cardiac cone. (B) In gata5 mutants, the myocardial precursors are reduced in number and remain lateral. (C) In gata5MO-injected embryos,
the myocardial precursors are reduced in number and remain lateral as in gata5 mutants.
(D–L) Transverse confocal images of cmlc2::GFP (false colored blue) transgenic embryos immunostained with antibodies against -catenin
(red) and aPKCs (green) (D–F), ZO-1 (green) and filamentous actin (rhodamine-phalloidin) (G–I), or -catenin (red) and Fibronectin (green) (J–L);
the left side of the myocardium is shown; dorsal is to the top. (D and G) In wild-type embryos, the myocardial epithelia localize aPKCs to the
apicolateral membranes and ZO-1 to the basal portion of the lateral membranes, and they localize -catenin and filamentous actin basolaterally.
(J) Additionally, Fibronectin is deposited around the basal surface of the myocardial precursors. (E–H) In gata5MO-injected embryos, fewer
myocardial precursors are present, but they form epithelia with aPKCs, ZO-1, -catenin, and actin localized as in wild-type embryos. The
asymmetric localizations of aPKCs, ZO-1, -catenin, and actin are independent of the number of myocardial precursors; gata5MO-injected
embryos with as few as two myocardial precursors (F and I) show asymmetric localization of these junctional markers. (K and L) Additionally,
Fibronectin is deposited around the myocardial epithelia of gata5MO-injected embryos as in wild-type embryos (J).
Myocardial Epithelia Formation in Embryos zinc-finger-encoding region was used to knockdown
Gata5 function (see Experimental Procedures). GreaterDeficient for Gata5 Function
Because cell-cell adhesion is necessary for establishing than 95% of the embryos injected with 20 ng of the
gata5MO appear morphologically similar to gata5 mu-apico-basal polarity [23, 24, 25], it is possible that a
critical mass of myocardial precursors is required for tants, in that they exhibit pericardial edema and two
separate hearts, a phenotype referred to as cardia bifidaestablishing cell-cell adhesion that in turn would be re-
quired for establishing apico-basal polarity. To test this (n  500, data not shown). Based on cmlc2 expression,
the myocardial precursors are reduced in number andhypothesis, we examined epithelial formation in em-
bryos lacking Gata5 function. Like Hand2, Gata5 plays fail to migrate to the midline in gata5MO-injected em-
bryos (Figure 3C), phenotypes identical to those seenan essential role in cardiac development. Zebrafish
Gata5 is encoded by the faust (fau) locus [2]. Similar in gata5 mutants (Figure 3B) [2]. Confocal microscopy
shows that the myocardial precursors in gata5MO-to hand2 mutants, gata5 mutants exhibit a dramatic
reduction in myocardial cell number and also show de- injected embryos are polarized: The few myocardial
precursors that are present form epithelia with aPKCsfects in myocardial gene expression (Figure 3B) [2]. To
facilitate our analyses of myocardial epithelia formation localized to the apicolateral membranes (Figure 3E),
-catenin and actin restricting basolaterally (Figures 3Ein the absence of Gata5, an antisense morpholino (MO)
designed against a splice donor site upstream of the and 3H), and ZO-1 localizing to the basal portion of the
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Figure 4. Processes in Myocardial Devel-
opment
From our analyses of the myocardial epithelia
in hand2mutants and gata5MO-injected em-
bryos, it appears that Hand2 independently
regulates two processes in myocardial devel-
opment: myocardial epithelia identity and the
allocation of proper cell number. Themyocar-
dial epithelia are diagrammed in transverse
sections showing the arrangement of the
myocardial precursors (dark blue cells), en-
docardial precursors (light blue), -catenin
(red), aPKCs and ZO-1 (green) in the myocar-
dial precursors, and Fibronectin (lime green)
deposition.
lateral membranes (Figure 3H). To our surprise, gata- notypes may be a difference in the efficiency of our
experimental approaches to eliminate each gene func-5MO-injected embryos with as few as two myocardial
precursors per side of each confocal section appear to tion. Although the hand2 allele that we used is a null, it
is possible that residual Gata5 function in the gata5MO-exhibit polarized localization of aPKCs, -catenin, ZO-1,
and actin (Figures 3F and 3I). Furthermore, in gata5MO- injected embryos is sufficient for the polarization of the
myocardial precursors. It is important to note that theinjected embryos, Fibronectin is deposited around the
basal surface of the myocardial epithelia despite a sub- existing gata5 mutations (tm236 and s26) do not repre-
sent null alleles; wild-type transcript can be detectedstantial reduction in myocardial cell number (Figures 3K
and 3L). These results demonstrate that in embryos with in both of these mutants [2]. However, few myocardial
precursors form in these mutants, and this is also thereduced Gata5 function, the few myocardial precursors
that form are able to establish epithelial identity. case in the gata5MO-injected embryos. Therefore, and
as observed in severely affected mutants, it is likely thatIt is possible that the reduction in myocardial precur-
sors in gata5MO-injected embryos is less severe than a complete reduction of Gata5 function leads to the
absence of myocardial precursors [2], thereby preclud-that seen in hand2mutants and that this difference may
account for the lack of polarity defects in gata5MO- ing the assessment of myocardial epithelia formation.
The ability to downregulate Gata5 function temporallyinjected embryos. To compare the reduction of myocar-
dial precursors in hand2mutants and gata5MO-injected will be required to determine whether Gata5 also plays
a role in myocardial epithelia polarity.embryos, we counted the number of myocardial precur-
sors observed in confocal sections of cmlc2::GFP trans-
genic embryos. In wild-type embryos, each side of the Conclusions
myocardial epithelia contains 12.5 1.5myocardial pre- In this paper, we investigated the relationship between
cursors per confocal section (n  43). In hand2mutants the molecular program driving the formation of the myo-
and gata5MO-injected embryos, there appears to be a cardial epithelium and that driving myocardial gene
3-fold reduction in the number ofmyocardial precursors. expression. Specifically, we analyzed the role of the
More importantly, hand2mutants andgata5MO-injected myocardial differentiation gene, hand2, in myocardial
embryos show a similar number of myocardial precur- epithelia formation. Our results indicate that there are
sors on each side of the embryo. On average, hand2 two distinct cellular processes involved in making a
mutants have 3.5 2.0 myocardial cells per side of each mature myocardium: establishing myocardial epithelia
confocal section (n  39). Similarly, gata5MO-injected identity and establishing proper cell number (Figure 4).
embryos have 3.9 1.8myocardial cells per side of each On the molecular level, the establishment of myocardial
confocal section (n  64). Additionally, no significant epithelia identity appears to be distinctly regulated by
difference in cell number was observed between the left Hand2, whereas myocardial cell number is regulated by
and right side of either hand2 mutants or gata5MO- both Hand2 andGata5. These results predict that Hand2
injected embryos. These data demonstrate that the re- and Gata5 activate distinct as well as overlapping tran-
duction in myocardial cell number in gata5MO-injected scriptional targets involved in myocardial development.
embryos appears to be equivalent to that seen in hand2 More importantly, these results indicate a new and
mutants. Therefore, the polarization of the myocardial unique role for Hand2 in myocardial development.
precursors in gata5MO-injected embryos cannot be ex-
Experimental Proceduresplained by an increase inmyocardial cell number relative
to that in hand2 mutants.
Zebrafish Strains and Morpholino InjectionsComparison of the hand2 and gata5MO phenotypes
Adult fish and embryos were maintained as described [26]. The
suggests a unique role for Hand2 in the polarization of following mutant alleles were used: hand2s6 (which is a null allele)
myocardial precursors. One possibility for the difference [3] and gata5tm236a [2].We used an antisensemorpholino (MO) against
the splice donor site 5-TCTTAAGATTTTTACCTATACTGGA-3 ofthat we observed between the hand2 and gata5MO phe-
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the second intron of the gata5 gene to knockdown Gata5 function. M.D., Srivastava, D., and Olson, E.N. (2004). The Hand1 and
Hand2 transcription factors regulate expansion of the embry-The high efficiency of the gata5MO facilitated our cellular analyses
by confocal microscopy; greater than 95%of the embryos examined onic cardiac ventricles in a gene dosage-dependent manner.
Development 132, 189–201.were informative compared to embryos from a heterozygous cross,
where only 25% were informative. 11. Charite, J., McFadden, D., and Olson, E.N. (2000). The bHLH
transcription factor dHAND controls Sonic hedgehog expres-
sion and establishment of the zone of polarizing activity duringWhole-mount In Situ Hybridization and Antibody Staining
limb development. Development 127, 2461–2470.Whole-mount in situ hybridization (ISH) was performed as described
12. Fernandez-Teran, M., Piedra, M.E., Kathiriya, I.S., Srivastava, D.,[27]. For antibody staining, embryos were fixed overnight at 4C in
Rodriguez-Rey, J.C., and Ros, M.A. (2000). Role of dHAND in the2% paraformaldehyde (PFA). Fixed embryos were embedded in 4%
anterior-posterior polarization of the limb bud: Implications for theNuSieve GTG low-melting agarose and cut into 250 	m sections
Sonic hedgehog pathway. Development 127, 2133–2142.with a Leica VT1000S vibratome before antibody staining. Antibody
13. Yamagishi, H., Olson, E.N., and Srivastava, D. (2000). The basicstaining was performed in PBDT (1% bovine serum albumin [BSA],
helix-loop-helix transcription factor, dHAND, is required for vas-1% dimethyl sulfoxide [DMSO], 0.1% Triton X-100 in phosphate-
cular development. J. Clin. Invest. 105, 261–270.buffered saline [PBS] pH 7.3).
14. te Welscher, P., Fernandez-Teran, M., Ros, M.A., and Zeller, R.We used the following antibodies: rabbit polyclonal anti-Fn
(2002). Mutual genetic antagonism involving GLI3 and dHAND(Sigma) at 1:200, mouse IgG1 anti--catenin (Sigma) at 1:500, mouse
prepatterns the vertebrate limb bud mesenchyme prior to SHHIgG anti-ZO-1 (Zymed) at 1:200, and rabbit polyclonal anti-aPKCs
signaling. Genes Dev. 16, 421–426.at 1:1000 (Santa Cruz Biotechnology; [28]). Polymerized actin was
15. Yanagisawa, H., Clouthier, D.E., Richardson, J.A., Charite, J.,detected by phalloidin (Molecular Probe) staining (1:50) via a proto-
and Olson, E.N. (2003). Targeted deletion of a branchial arch-col similar to the antibody-staining protocol.
specific enhancer reveals a role of dHAND in craniofacial devel-Fluorescence images were acquired with a Zeiss LSM5 Pascal
opment. Development 130, 1069–1078.confocal microscope.
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